Background-Treatment-related cardiac death is the primary non-cancer cause of mortality in adult survivors of childhood malignancies. Early detection of cardiac dysfunction using modern echocardiographic techniques may identify a high risk subset of survivors for early intervention.
INTRODUCTION
In the modern era, more than 80% of children and adolescents diagnosed with a malignancy will become long-term cancer survivors.(1,2) However, as these individuals age, it is increasingly clear that the therapies that cured their primary malignancies place them at increased, life-long risk for adverse health conditions.(3-5) Late onset cardiac dysfunction is common, and the attribution of major cardiac events to childhood exposure to chest-directed radiotherapy (RT) and anthracycline chemotherapy is now well-established. (6, 7) The cumulative incidence of congestive heart failure by thirty years from diagnosis is 12% for those exposed to both chest-directed RT and anthracycline therapy, and treatment-related cardiac death is the most common non-cancer cause of mortality in this population. (7) (8) (9) Based on this high risk for adult onset cardiac dysfunction, early detection, when intervention can be expected to have the greatest benefit, is warranted.(10) Periodic evaluation by echocardiography is recommended by the Children's Oncology Group Long-Term Follow-Up Guidelines. (11) Left ventricular ejection fraction (LVEF) is the established parameter for evaluation of left ventricular systolic function. However, LVEF is only reliable in detection of differences in LVEF of 10%, (12, 13) and often over estimates LVEF in survivors compared to cardiac MRI, the reference standard for LVEF. (14) In addition, at least 47% of heart failure in the general population is diastolic in nature, occurring with a preserved LVEF. (15) More sensitive screening modalities for LV dysfunction are needed. Reduction in LVEF likely occurs late in the natural history of treatment-related injury as reduction in LVEF may not be overt until a substantial amount of cardiac reserve has been exhausted. (16) Global longitudinal strain is a well validated, reproducible technique for the measurement of LV deformation.(17) In non-cancer populations, reduced global longitudinal strain is a significant, independent predictor of cardiac mortality and major cardiac events, with prognostic value superior to In populations of adults actively receiving cancer therapy, early reduction in global longitudinal strain predicts subsequent, chemotherapyrelated cardiac dysfunction.(21-23) Despite these promising findings, to date, myocardial strain for early detection of cardiac dysfunction has not been systematically evaluated in a large population of aging adult survivors of childhood cancer.
Our objectives were to: 1) determine the prevalence of late-onset cardiac dysfunction in a large population of adult, ten-year survivors of childhood malignancies using state of the art comprehensive echocardiographic evaluation of cardiac function (3D LVEF, myocardial strain imaging and comprehensive diastolic assessment); 2) identify whether abnormal myocardial strain was associated with anthracycline and chest-directed RT dose exposures; and, 3) to identify strain imaging abnormalities in survivors exposed to cardiotoxic therapy and who subsequently developed traditional cardiovascular risk factors and/or metabolic syndrome, a population at very high risk for major cardiac events. (8, 24, 25) 
METHODS

Participants
Patients treated for childhood cancer at St. Jude Children's Research Hospital (SJCRH) who were 18 years of age or older and ten or more years from diagnosis were eligible for the St. Jude Lifetime Cohort Study (SJLIFE). SJLIFE provides lifetime, risk-based longitudinal follow-up for adult survivors of childhood cancer. The current analysis was limited to participants exposed to anthracycline chemotherapy and/or chest-directed RT who underwent a SJLIFE medical assessment including echocardiogram due to their prior exposure to cardiotoxic therapy, and reports on the baseline assessment at entry into the SJLIFE cohort. Participants who completed the SJLIFE survey only (i.e. no campus visit for direct assessment) were excluded. Details of eligibility, recruitment methods and study design have been previously published.(26) Participation involved completion of questionnaires and risk-based medical screening according to the Long-Term Follow-Up Guidelines for Survivors of Childhood, Adolescent, and Young Adult Cancers, (11) developed by the Children's Oncology Group. This investigation was approved by the Institutional Review Board at SJCRH.
Outcome Measures
Echocardiograms were performed using a VIVID-7 machine (N=1,750 [96%], General Electric Medical Systems, Milwaukee, WI) or an iE33 (N=70; Phillips Healthcare, Andover, MA). Complete systolic function by 3D echocardiogram with Doppler was performed according to American Society of Echocardiography (ASE) guidelines, (abnormal, LVEF <50%).(27) For the VIVID-7 studies, three apical views were used to obtain speckle tracking-based global longitudinal peak systolic strain and global circumferential strain using standard, commercially available software (EchoPAC PC version 10.0).
Evaluation of Adult Patients during and after Cancer Therapy (16) , it was clear that these small populations would not allow us to stratify comparisons between our study population and the normative population on these key variables. In particular, our study population is generally younger than these US cohorts. Thus, we determined that use of these small cohorts that do not contain age-, sex-and vendor-specific normative data would be a particular risk to the validity of the study findings. Alternatively, the Japanese Ultrasound Speckle Tracking of Left Ventricle (JUSTICE) Study,(28) evaluated a large population (N=817) and provides age-, and sex-specific normative values, which improve the ability to provide valid comparisons between our cases and the normative standard. While this does raise the possibility that the Japanese and US populations may have different strain values based on race, we were reassured by recent evidence to the contrary based on similar sexand vendor-specific normative values in a European population.(32) Diastolic assessment included peak mitral flow velocity (E), mitral septal and annular early diastolic velocity (e') their ratios with E (E/e' ratio), and left atrial volume.(33) Diastolic function was graded as per the ASE recommendations for evaluation of left ventricular diastolic function, with any grade 1-3 considered abnormal.(34) All echocardiograms were centrally evaluated by a core echocardiography laboratory at the Cleveland Clinic.
To estimate the inter-observer variability the lead cardiologist for this study, from the Cleveland Clinic Echo core lab (JCP, who read 625 of the 1807 evaluable studies) to review a sample of echos read by each of the other cardiologists. We randomly selected 10 studies from each of the six additional reviewers (60 total studies). Selection was stratified on EF <50% vs. ≥50% to assure there were a sufficient number of both normal and abnormal echos included in the review. Across our major echo outcomes for this manuscript, our overall agreement (normal vs. abnormal) was: EF, 76% agreement; global longitudinal strain, 76%; circumferential strain, 36%; left atrial volume, 95%; septal e' 60%.
Demographic and Exposure Variables
Cumulative dose of anthracyclines was abstracted from the medical record along with demographic characteristics. Mean radiation dose to the heart was estimated, regardless of primary tumor site or target volume, using the primary RT record and tissue equivalent phantoms as previously described by Stovall et al.(35) Additional covariates included metabolic syndrome and its components. Metabolic syndrome was defined using the Third Report of the National Cholesterol Education Program Adult Treatment Panel (NCEP-ATP III).(36) Individuals having three or more of the following were classified as having metabolic syndrome: 1) abdominal obesity (waist circumference > 102 cm in males and > 88 cm in females); 2) triglycerides ≥ 150 mg/dL or treatment for elevated triglycerides; 3) high density lipoprotein (HDL) cholesterol < 40 mg/dL in males and <50 mg/dL in females; 4) hypertension (systolic blood pressure ≥ 130 mmHg or diastolic ≥ 85 mmHg) or treatment for hypertension; and/or, 5) fasting plasma glucose ≥ 100 mg/dL or medical therapy for diabetes.
was used for analysis. Resting blood pressure was taken with the participant seated with both feet on the floor following a five minute rest period. Duplicate blood pressure readings were taken to ensure accuracy; participants rested for one minute between measurements. The lowest of three blood pressure measurements was used for analysis.
Blood samples were collected following an overnight fast. Triglycerides and HDL were measured using an enzymatic spectrophotometric assay (Roche Diagnostics, Indianapolis, IN). Glucose was measured using an enzymatic spectrophotometric assay using hexokinase coupled with glucose-6-phosphate dehydrogenase (Roche Diagnostics, Indianapolis, IN). All samples were analyzed using the Roche Modular P chemistry analyzer. Exercise capacity was determined by six minute walk performed indoors, according to the guidelines established by the American Thoracic Society (abnormal, <490 meters). 
Statistical Methods
Descriptive statistics were used to characterize the eligible population and the study participants. The prevalence of cardiac abnormalities was estimated for the entire cohort of ten year survivors and by treatment exposure (anthracycline only, chest-directed RT only, and anthracycline and chest-directed RT combined). Associations between treatment characteristics and cardiac abnormalities were investigated using Poisson regression models with robust error variances. A similar approach was used to determine whether metabolic syndrome and its components were associated with abnormal cardiac function. These models were adjusted for current age, age at diagnosis, race/ethnicity, chest RT and anthracycline exposure and the rate ratios (RRs) and 95% confidence intervals (CIs). Frequencies and percentages of all combinations of abnormal echocardiography results were summarize and six minute walk distances were compared to normal the group with normal echocardiography results by two sample t-tests. Associations between cardiac dysfunction and impaired quality of life (defined as impaired physical and mental quality of life on the SF-36) were assessed by Poisson regression with robust error variance and adjusted for gender, education, marital status, annual household income, employment status and treatment with cranial RT. All analyses were performed in SAS version 9.3 (Cary, N.C.).
RESULTS
Of the 4,436 survivors eligible for SJLIFE, 3,029 were exposed to cardiotoxic therapy and eligible for echocardiography ( Figure 1 ). At the time of this analysis, 1,820 (60% of eligible) completed SJLFE medical assessments including echocardiography. Thirteen echocardiography studies were of insufficient quality for analysis. Demographic and treatment characteristics of survivors included in this analysis and potentially eligible nonparticipants are summarized in Table 1 . Participants were more likely to be female, but were similar for other demographic and treatment related characteristics. Median time from primary cancer diagnosis was 22.6 years (range 10.4-48.3); median age at evaluation was 31 years (range 18-65). Forty-seven survivors had been previously diagnoses with cardiomyopathy, of whom 23 were on medications for heart failure at the time of evaluation.
Only 5.8% of the population had a 3D LVEF<50%. However, systolic dysfunction detected by global longitudinal (31.8%) and global circumferential (23.1%) strain and diastolic dysfunction (ASE grades 1-3, 11.0%) were more prevalent (Figure 2 , Supplemental Table 1 ) than an abnormal LVEF. Among survivors with preserved 3D LVEF (≥50%), comprehensive echocardiography identified significant systolic (28.0%, global longitudinal strain) and diastolic (8.7%, ASE Grades 1-3) dysfunction. Thus, one third (32.1%) of survivors with a normal 3D LVEF had cardiac dysfunction when both longitudinal strain and ASE grade 1-3 diastolic function were considered. Notably, among survivors exposed to chest RT only, 22.4% had evidence of diastolic dysfunction.
Abnormal 3D LVEF was associated with chest-directed RT (20-29.9 Gy, Rate Ratio [RR] 1.86, 95% Confidence Interval [CI] 1.00-3.45; ≥30 Gy, RR 7.99, 95% CI 3.88-16.48, Table  2 ) and cumulative anthracycline doses > 100 mg/m 2 . Global longitudinal strain was associated with any dose exposure to chest-directed RT (1-19.9 Gy, OR 1.38, 95% CI 1.14-1.66; 20-29.9 Gy, RR 1.65, 95% CI 1.31-2.08; >30 Gy, RR 2.39, 95% CI 1.79-3.18) and anthracycline dose >300 mg/m 2 . Diastolic dysfunction was associated with chestdirected RT but not anthracycline cumulative dose.
Survivors with metabolic syndrome were almost twice as likely to have an abnormal global longitudinal strain (Rate Ratio [RR] 1.94, 95% CI 1.66-2.28) as well as abnormal diastolic function (RR 1.68, 95% CI 1.39-2.03), but did not have a higher risk of abnormal 3D LVEF (RR 1.07, 95% CI 0.74-1.53). Each of the individual components of the metabolic syndrome was associated with an increased risk of abnormal global longitudinal strain and diastolic dysfunction. (Table 3) .
Survivors with global longitudinal strain as the only abnormal finding on echocardiography had a lower mean six-minute walk distance compared to survivors with normal echocardiography (560 vs. 590 meters, p=0.0002, Supplemental Table 2 ). Reduced exercise capacity (<490 meters, six-minute walk) was identified in 17.6% of participants ( Figure 2 ). However, on multivariable analyses adjusting for pulmonary function, muscle strength, height and weight, no independent association between echocardiographic outcomes and reduced exercise capacity was identified. Abnormal longitudinal strain (RR 1.71, 95% CI Table 3 ).
DISCUSSION
Systematic, protocol-driven echocardiographic assessment of a large population of adult survivors has been difficult to achieve as this population has transitioned from academic pediatric centers to adult care, largely provided in a community setting.(41) However, with over 1,800 participants, we provide the largest study to date utilizing modern echocardiographic techniques (3D LVEF, (14) myocardial strain, and uniform, ASE guideline-driven grading for diastolic function) for comprehensive assessment of cardiac function in aging adult survivors of childhood cancer exposed to cardiotoxic therapy. (42) (43) (44) Only 5.8% had a 3D LVEF <50%. However, we identified that one third of survivors with a normal 3D LVEF had evidence of underlying systolic and/or diastolic cardiac dysfunction by applying comprehensive echocardiographic assessment.
Diastolic Function
It is known that chest-directed RT results in microvascular damage with subsequent myocardial interstitial fibrosis, leading to a non-compliant ventricle with resulting diastolic dysfunction, often with preserved LVEF.(45) Traditionally, diastolic dysfunction has been difficult to quantify in survivors of childhood cancer, (46, 47) with more accurate assessment occurring in adults diagnosed with Hodgkin lymphoma.(48) Given the large size of our population, evaluation of the independent effect of chest-directed RT, without the confounding influence of anthracyclines was possible. Our use of the ASE consensus-based diastolic assessment, found that 22% of survivors exposed to RT-alone have evidence of diastolic dysfunction. These findings are driven by the large number of survivors of Hodgkin lymphoma treated with high doses of chest-directed RT prior to the era in which combined modality therapy with anthracyclines, and low-dose involved-field chest RT was introduced. Many of these survivors who have a well-documented increased risk for major cardiac events are now entering their fifth decade of life. (6, 8) Thus, our findings underscore that screening evaluations of these survivors cannot be limited to traditional assessment of LV systolic function, but should include comprehensive diastolic assessment.
Systolic function
Strain imaging has emerged as a powerful tool to quantify myocardial mechanics including both longitudinal shortening and circumferential torsion.(17) While LVEF is the most widely used measure of systolic dysfunction, it has a number of limitations, including use of geometric assumptions (2D LVEF) of ventricular shape, load dependency, and poor reproducibility and inter-observer variability.(20) Myocardial strain is a semi-automated tool to assess multidimensional myocardial deformation that is more reproducible and not reliant on geometric assumptions.(17) In the general population, the association of LVEF with poor outcome is strongest in moderately to severely impaired ventricles.(49) Thus LVEF may not be ideal for screening asymptomatic survivors. Furthermore, in a recent meta-analysis that included almost 6000 patients with a diverse array of underlying cardiac insults (congestive heart failure, acute myocardial infarction, valvular disease included), global longitudinal strain had superior prognostic value compared to LVEF for predicting both overall mortality and major cardiac events.(20) In that meta-analysis. a one standard deviation change in global longitudinal strain was associated with a 1.62 (95% CI 1.13-2.33) times greater reduction in mortality than a comparable change in LVEF. Given that evidence from the general, non-cancer population indicates that abnormal global longitudinal strain is a valid predictor of poor outcome, our finding that 28% of survivors with a normal 3D LVEF have abnormal global longitudinal strain may identify a subset of survivors at high risk for clinical heart failure. It will be essential that future studies provide longitudinal follow-up of survivors evaluated with comprehensive echocardiographic imaging to determine whether global longitudinal strain improves prediction of major cardiac events as it does in the general population.
The current study takes important steps in validating global longitudinal strain as a clinically relevant measure in survivors. First, in this population, we established that global longitudinal strain, like LVEF, measures treatment-related injury. On the strength of detailed abstraction of cumulative dose exposure of anthracyclines and tissue-specific radiation dosimetry, we demonstrated that abnormal global longitudinal strain, but not global circumferential stain, was associated with increasing doses of both anthracyclines and chestdirected radiotherapy. Dose response relationships between exposure and major cardiac events are well established in this population, (6, 10) thus, if strain is to be a meaningful early measure of cardiac injury, demonstrating a dose-response relationship is essential. Furthermore, studies in adult cancer populations have demonstrated changes in global longitudinal strain during administration of anthracyclines. (50) In these trials, early changes in global longitudinal strain precede and predict eventual reduction in LVEF and subsequent clinical heart failure.(22) These findings have resulted in an expert consensus statement from ASE that recommends strain in assessment of adult patients during and after cancer therapy. (16) In the current study, abnormal global circumferential strain, though prevalent, showed inconsistent associations with increased anthracycline or chest-directed RT exposure. This may be because the subendocardial region, which governs longitudinal left ventricular mechanics, is generally the most sensitive region to myocardial injury.(51) These findings should direct clinicians toward preferential use of global longitudinal strain over circumferential strain in screening of this population.
It is now established that the acquisition of traditional cardiovascular risk factors and metabolic syndrome potentiates risk for major cardiac events among aging survivors who received cardiotoxic therapies.(8,24) More sensitive echocardiographic measure of cardiac injury would be expected to demonstrate higher rates of abnormal function in a population with metabolic syndrome. We identified higher rates of abnormal global longitudinal strain, but not 3D LVEF in a subset of the population with metabolic syndrome. This strong association between therapeutic dose-exposure and increased rates of abnormal findings in a high risk subset of the population with metabolic syndrome suggest that global longitudinal strain may be a valid measure for detecting myocardial injury in adult survivors of childhood cancer. However, baseline assessment prior to treatment and serial, longitudinal evaluation with strain in a large population of aging survivors is needed before this can be concluded.
Limitations
Eight previous studies have reported strain evaluation among a total of 366 long-term survivors of childhood cancer (largest study population, N=111), (50, 52) and identified between 6-30% of the population to have abnormal longitudinal strain. We present the most systematic assessment to date including a study population of sufficient size for a robust multivariable analysis to evaluate confounding variables contributing to cardiac outcomes. Nonetheless, limitations should be considered. The cross-sectional nature of this analysis precludes definitive assessment of the predictive nature of global longitudinal strain, or any echocardiography parameter, for major cardiac events including congestive heart failure, cardiac hospitalization or cardiac mortality. However, longitudinal follow-up of the SJLIFE Cohort will allow future assessment as survivors age. While the quality of echocardiography is inherently operator-dependent, this protocol-driven systematic assessment should limit the imprecision inherent in previous studies that have reported on echocardiography by retrospective review. Furthermore, our use of 3D LVEF eliminates assumptions regarding ventricular size inherent in 2D LVEF estimates, providing the most valid assessment of LVEF to date. (14) It is important to note that on multivariable analysis, independent associations between echocardiographic abnormalities and reduced functional performance on six minute walk were not identified. This may be a result of six minute walk be a poor surrogate for performance in this population, thus future studies will include maximal treadmill testing to assess functional performance. Additionally, calculation of mean RT dose to the heart, while providing organ-specific dosimetry, may does not fully describe the differential dose received across the heart. Finally, current circumferential strain estimations may be unreliable and future efforts should focus on improvement in reliability and validity.
CONCLUSION
In summary, these findings suggest that traditional echocardiographic evaluation of cardiac function in adult survivors of childhood cancer that focuses on LVEF as the primary measure of function may be inadequate. Evaluation that incorporates global longitudinal strain and ASE grading of diastolic function demonstrates that one in three survivors with normal LVEF has evidence of cardiac dysfunction. Long term follow up is needed to determine the predictive nature of these echocardiographic findings for major cardiac events. 
PERSPECTIVES
Competency in Medical Knowledge. Adult survivors of childhood cancer are at significant risk for cardiac morbidity and mortality as a result of therapy (chest-directed radiotherapy and anthracycline chemotherapy) they received for treatment of childhood cancer.
Competency in Patient Care. Guidelines developed by the Children's Oncology Group recommend annual evaluation for survivors exposed to cardiotoxic therapies.
Transitional Outlook 1. Comprehensive echocardiographic evaluation identifies significant rates of systolic and diastolic dysfunction in survivors, but the predictive nature of these findings for major cardiac events remains unclear. Table 1 Demographic and treatment characteristics of adult survivors of childhood cancer 
*
Percentages provided for total number of participants for whom data were available for a given characteristic.
Author Manuscript
Author Manuscript 
